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In circumstances where multi-Iayered structures play a critical role 
in the performance of manufactured components, a thorough and detailed 
inspection procedure is required. However the construction of such objects 
is such that it is not easy to provide an adequate non-destructive test to 
monitor the state of the structure. It is possible to employ x-ray 
techniques, but on these layered (or cylindrically symmetric) structures 
many exposures are required over a range of positions, which is both 
expensive and time consuming. It is therefore attractive to use an 
ultrasonic NDT system. A further important motivation for using ultrasound 
is its sensitivity to a large number of material parameters. 
The scattering of ultrasonic waves in complex layered structures 
which combine a range of materials can provide useful data about the state 
of the structure. However, such signals are difficult to interpret. It is 
desirable to recover quantitative informat ion from the scattered field, 
and this requires an inverse solution method for an appropriate forward 
model. In this paper we investigate the application of an inverse 
scattering algorithm, for the reconstruction of depth-dependent acoustic 
impedance, using data derived from a simulated pulse-echo experiment. 
Models for the forward scattering problem of pulsed ultrasonic waves 
in cylindrical structures have been provided by finite difference methods 
in cylindrical coordinates, and other models for waves in layers [1,2]. 
Systems which consider layers of steel, rubber and perspex have been 
produced. Given reasonable agreement between theory and experiment for the 
forward problem, attention has turned to consider the inverse problem, in 
particular, the solution of the inverse scattering problem for the 
acoustic impedance profile. Here we apply the impediography method [3] to 
the inversion of the scattered field from a layered system, for pulse-echo 
measurements. Synthetic data are derived from a layered model based on 
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that of Scott and Gordon [4] in which the effects of multiple scattering 
(reverberation) are included. The accuracy of the invers ion algorithm is 
tested in the presence of band-limited noise and frequency dependent 
absorption. 
The importance of the technique as a method for characterising 
defects in adhesive bonds will be illustrated and discussed. 
FORWARD MODELS: FINITE DIFFERENCE 
For many acoustic and elastic wave propagation scattering problems no 
analytical solutions are available. For solving such problems a range of 
numerical modelling techniques have been employed [Il, including those 
which use finite difference (FD) methods. These latter methods are 
particularly well suited to the study of pulsed waves and interactions in 
the mid-frequency scattering regime. A comparison between the explicit FD 
methods and those based on T-matrix formulations is given in Table 1. 
[2]. Practical FD modelling is restricted (by present computing 
capability) to two spatial dimensions and time, and models have been 
developed in Cartesian, cylindrical and spherical coordinates [2,51. 
Table 1. Comparison of 'T'-matrix and explicit methods 
for modelling elastic wave phenomena 
Problems 
ka range 
Field region 
Dimensions 
T-matrix Finite difference 
O<ka<10 O.1<ka<20 
near and far ne ar (limited by 
available computers) 
2-D. and 3-D. 2-D. (3-D. possible, 
but limited by 
available computers) 
Defect shape wide range of types possible 
Mode conversion explicitly included 
Short pulse impractical very good 
Multiple good 2-D. very good 
scatter 
Wave types good range shear,compressional 
and Rayleigh 
The FD models can be formulated, in many cases, as initial value 
problems; where the displacement field at alI grid points is specified at 
the start of the computation, and the numerical model then calculates the 
displacement field at alI future times. 
When complex layered structures are considered it is necessary to 
define a set of system parameters which here include: (i) pulse spectral 
content, (ii) layer thickness, (iii) material elastic properties, and (iv) 
interface conditions. Structures of interest could be composed of rubbers, 
metals and filled polymers. 
An example of pul sed wave propagat ion into a three layered system 
which includes Voigt-type damping is shown in Figure (1). The input pulse 
is a smoothed delta function applied across the surface with a cosine beII 
weighting function, as has been used elsewhere [51. The observed wave 
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Fig. 1. Numerical visualisation of waves for a strip pulse source 
on a three layered plate structure. Figures (la)-(lc) represent a 
time sequence, and the amplitude and direction of the displacement 
field is shown by lines originating from the 2-D lattice. 
field is seen to be similar to that given by square ultrasonic transducers 
which include both plane and edge wave components [6]. The interaction of 
curved wave fronts with layers is further complicated in that 
mode-conversion is then important. 
Data from these and similar numerical studies provide solutions to the 
forward scattering problem for relatively complicated scattering objects. 
However many inversion schemes require some form of analytical forward 
model. For such schemes to be easily implementable a scattering 
approximation is of ten used, and this aspect is now considered. 
FORWARD MODEL: ANALYTIC 
Since we are dealing with layered structures whose material 
properties only change at the interfaces between layers (to a good 
approximation), we assume that the media are uniformly homogeneous. At an 
interface between the acoustic semi-infinite media i and j the reflection 
(R) and transmission (T) coefficients for plane waves of normal incidence 
are given, as functions of the impedances (2., 2.), by 
1 J 
R .. (2 j - 2.)/(2. + 2.) 1J 1 1 J 
R .. -R .. J1 1J 
T .. 1 + R .. 1J 1J 
Tji 1 Rij 
Scott and Gordon [4] have derived an iterative procedure for 
generat ing the R and T coefficients of a wave A(t), where t=time, normally 
incident at an arbitrary number of uniform layers. The result is given in 
the form of reflection and transmission spectra (as functions of the 
frequency w) incorporating the effects of reverberation within the layers. 
These spectra also depend on the R coefficients at each interface, and the 
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Fig. 2. Schematic of four component layered structure 
with source pulse incident from the left. 
characteristic frequency (w.) of each layer, defined as the ratio of 
the sound speed in layer i tc.) to the width of layer i (d.). 
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Here we consider a four component layered structure (three 
interfaces) as depicted in Figure (2). Our intention is to simulate the 
layered system: couplant/rubber/adhesive/perspex, which is representative 
of a variety of commonly occuring structures. Using the iterative formulae 
derived by Scott and Gordon the reflection coefficient for this object 
(R14(w)) may be evaluated algebraically as 
where 
R14 = [R12+T12T21(R23+R34exp(-2ia))exp(-2ib)/F]A(w) (1) 
.<;t = w/w3 
b = w/w2 
F 1 + Bexp(-2ia) + Cexp(-2ib) + Dexp(-2i[a+b]) 
B -R34R32 
C -R23R21 
D -R21R34 
and A(w) is the Fourier transform of the signal A(t). Equation (1) 
constitutes the forward model which is used to generate synthetic 
pulse-echo data. 
Having obtained R14 explicitly (as opposed to a numerical recursion 
relation) it is illuminating to analyse the expression further. In an 
experiment we might hope to measure the quantity 20log10 [R14(w)], and 
therefore examination of equation (1) indicates that tfie sfiape of this 
function, in the freq~ency domain, will be modulated by the positions of 
turning values in IFI . These turning points are given by satisfying both 
a=nll/2 and b=m1f/2, where n,m are integers. Thus in terms of the measured 
frequency f=w/21r , turning points are located at 
(2) 
This expression is then an extension of the familiar quarter wavelength 
condition: f = nwi /4 , which applies to a single layer i, and defines a 
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condition for maximum (or minimum) reflection. Eliminating f from equation 
(2) yields 
n/m = wzlw3 (3) 
which has some interesting consequences. The equation (3) is clearly only 
satisfied for certain values of n,m thereby giving rise to a set of 
'allowed' harmonics of the single layer, quarter wavelength condition. 
Since these 'allowed' features are functions of the dimension and property 
of the constituent materials, it may be possible to distinguish between a 
variety of structures by applying the condition (3). A more detailed 
analysis of the structure of equation (1) would be fruitful, but is not 
within the scope of the present work. 
INVERSE SCATTERING ALGORITHM 
The impediography equation has been used extensively in the field of 
seismic processing [7] to recover the impedance profile, as a function of 
acoustic travel time (t ), from backscattered signals. If the depth is 
measured in x then t i~ defined as 
t 
a 
a r dx' /c(x') 
O 
where c(x') is the acoustic velocity profile. The impedance profile Z(t ) 
a is given in terms of the impulse response I(t ) as 
a 
t 
Z(t ) = Z(t =O)exp(2 J aI(t ')dt ') 
a a O a a 
(4) 
Note that in a real experiment the impulse response is not measured 
directly, but would be found after deconvolution of the source pulse. The 
impediography equation (4) is based on the Born approximation, and 
therfore only includes single scattering phenomena. 
Since the synthetic data are derived from a multiple scattering model 
we do not expect equation (4) to reconstruct the impedance profile 
exactly. Although algorithms are available to take into account these 
multiple reflections [8], they are computationally far more expensive to 
implement than the impediography method. If the technique employed here is 
adequate then a relatively fast automated testing procedure can be 
envisaged. 
INTERROGATION OF PERSPEX/RUBBER INTERFACE 
In this section we simulate a pulse-echo experiment performed on a 
layered system consisting of couplant, rubber, adhesive and perspex. We 
consider three cases: 
(i) Normal adhesive (perfect bond) 
(ii) Contaminated adhesive (partial bond) 
(iii) No adhesive (de-bond), i.e. air gap. 
The parameter being changed between the objects (i)-(iii) is the acoustic 
impedance of the third material (i.e. the second layer). The rubber layer 
is 1.64mm. thick (so that the characteristic frequency = lMHz.), and the 
adhesive layer is O.85mm. thick (so that the characteristic frequency = 
2MHz.). In cases (ii) and (iii) the layer widths remain the same, although 
the characteristic frequency of layer 2 will change. The impedance 
profiles for (i)-(iii) are shown in Figures (3a)-(3c) respectively, 
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Fig. 3. Impedance profiles for cases (i)-(iii) 
are depicted in (3a)-(3c) respectively. 
plotted as a function of travel time. The synthetic spectra for (i)-(iii) 
are shown in Figures (4a)-(4c) respectively, in the frequency range 0-20 
MHz. Each spectrum has been artificially attenuated wi th increasing 
frequency by modulat ion with a Gaussian profile, to simulate an absorption 
process. 
The reconstructed impedance profiles are shown in Figures (Sa)-(Sc) 
for cases (i) - (ii i ) respectively. Also shown (Figures (Sd)-(5f» are the 
reconstructed profiles after addition of noise in the frequency range 5-15 
MHz. at a level of 50% of the signal amplitude. Each profile is clearly 
distinguishable from the others, and the important features are recovered 
even in the presence of quite intense noise. In terms of the precise 
features, case (iii) is probably the least accurate reconstruction ancl 
this is most likel y due to the highly reverberating first layer (rubber). 
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Fig. 4. Synthetic spectra for cases (i)-(iii) 
are depicted in (4a)-(4c) respectively. 
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Fig. 5. Reconstructed impedance profiles for cases (i)-(iii) 
Noise free: (a)-(c). 50% noise in the range 5-15 MHz. (d)-(f). 
CONCLUSIONS 
• 
" 
For the complex layered components considered, our synthetic study 
has demonstrated that the impediography method is a simple attractive 
technique for interrogation of the perspex/rubber interface. In a 
pulse-echo experiment this inspection procedure exploits phase changes in 
the back-scattered signal, which result after reflection from remote 
layers. We have deliberately investigated a structure with large impedance 
variations, to test the reliability of the reconstruction procedure for a 
wide range of materials. Instead of an operator making an experienced 
appraisal of such phase changes, the method described here provides a 
quantitative analysis of the reflected signal with easily interpretable 
results. Another attractive featureof the method is that it is does not 
rely on amplitude measurements, although this would become important if a 
calibrated reconstruction were required. 
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